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Fossil feathers play a pivotal role in our understanding of the evolutionary processes underlying the transition from non‐avian dinosaurs to birds. Feathers comprise primarily melanosomes embedded in a keratinous matrix, both of which have been the subject of extensive research (Schweitzer *et al*. [1999a](#pala12445-bib-0046){ref-type="ref"}; Vinther *et al*. [2008](#pala12445-bib-0055){ref-type="ref"}; McNamara *et al*. [2013](#pala12445-bib-0029){ref-type="ref"}; Moyer *et al*. [2016](#pala12445-bib-0036){ref-type="ref"}; Pan *et al*. [2016](#pala12445-bib-0038){ref-type="ref"}, [2019](#pala12445-bib-0039){ref-type="ref"}) in both modern and palaeontological contexts in order to understand better the underlying drivers in the evolution of feathers and flight. Keratin is a fibrous protein rich in cysteine, which promotes extensive cross‐linking (and thus confers chemical stability) via disulfide bonds (Wang *et al*. [2016](#pala12445-bib-0058){ref-type="ref"}). Keratinous tissues can be preserved in fossils by replacement in authigenic minerals (Briggs *et al*. [1997](#pala12445-bib-0006){ref-type="ref"}; Benton *et al*. [2008](#pala12445-bib-0003){ref-type="ref"}; Manning *et al*. [2009](#pala12445-bib-0027){ref-type="ref"}; McNamara *et al*. [2018a](#pala12445-bib-0032){ref-type="ref"}). Reports of organically preserved keratinous tissues (Schweitzer *et al*. [1999a](#pala12445-bib-0046){ref-type="ref"}; Moyer *et al*. [2016](#pala12445-bib-0036){ref-type="ref"}; Pan *et al*. [2016](#pala12445-bib-0038){ref-type="ref"}, [2019](#pala12445-bib-0039){ref-type="ref"}), however, are disputed (Saitta *et al*. [2017a](#pala12445-bib-0043){ref-type="ref"}, [2017b](#pala12445-bib-0044){ref-type="ref"}). The other key component of many (but not all) feathers are melanosomes, micron‐sized organelles rich in melanin pigments that occur in two primary forms: eumelanin, a heterogenous polymer derived from oxidation of the amino acid tyrosine (Solano [2014](#pala12445-bib-0051){ref-type="ref"}) and phaeomelanin, derived from tyrosine and sulfur‐rich [l]{.smallcaps}‐cysteine (Ito & Wakamatsu [2008](#pala12445-bib-0015){ref-type="ref"}). Melanosomes and chemical evidence for melanin have been reported from soft tissues associated with many exceptionally preserved fossils (Vinther *et al*. [2008](#pala12445-bib-0055){ref-type="ref"}; Wogelius *et al*. [2011](#pala12445-bib-0059){ref-type="ref"}; Barden *et al*. [2015](#pala12445-bib-0002){ref-type="ref"}; Lindgren *et al*. [2015](#pala12445-bib-0025){ref-type="ref"}). Such discoveries have stimulated attempts to reconstruct the original colouration of fossil birds, reptiles and avian and non‐avian dinosaurs (Li *et al*. [2010](#pala12445-bib-0022){ref-type="ref"}; Zhang *et al*. [2010](#pala12445-bib-0060){ref-type="ref"}; Lindgren *et al*. [2014](#pala12445-bib-0024){ref-type="ref"}, [2017](#pala12445-bib-0026){ref-type="ref"}; McNamara *et al*. [2016a](#pala12445-bib-0030){ref-type="ref"}; Vinther *et al*. [2016](#pala12445-bib-0056){ref-type="ref"}; Hu *et al*. [2018](#pala12445-bib-0014){ref-type="ref"}) and have provided insights into palaeoecology (Brown *et al*. [2017](#pala12445-bib-0007){ref-type="ref"}; Smithwick *et al*. [2017](#pala12445-bib-0050){ref-type="ref"}) and the evolution of communication strategies (McNamara *et al*. [2016a](#pala12445-bib-0030){ref-type="ref"}; Lindgren *et al*. [2017](#pala12445-bib-0026){ref-type="ref"}).

Despite such extensive research, the taphonomy of melanin and melanosomes is incompletely understood. Chemical evidence for preservation of the melanin molecule has been reported from fossil fish eyes (Lindgren *et al*. [2012](#pala12445-bib-0023){ref-type="ref"}), reptile skin (Lindgren *et al*. [2014](#pala12445-bib-0024){ref-type="ref"}), frog internal tissues (McNamara *et al*. [2018b](#pala12445-bib-0033){ref-type="ref"}) and cephalopod ink sacs (Glass *et al*. [2012](#pala12445-bib-0011){ref-type="ref"}). This, plus the preservation of melanosomes, has been attributed to the inherent resistance of melanin to alteration (Glass *et al*. [2012](#pala12445-bib-0011){ref-type="ref"}) by enzymatic digestion (Ohtaki & Seiji [1971](#pala12445-bib-0037){ref-type="ref"}) and acid hydrolysis (Borovanský *et al*. [1977](#pala12445-bib-0004){ref-type="ref"}). Recent work, however, demonstrates that diagenetic processes can impact the chemistry of melanosomes, e.g. the incorporation of sulfur (sulfurization) can promote preservation (McNamara *et al*. [2016b](#pala12445-bib-0031){ref-type="ref"}); conversely, certain processes, especially oxidation, can degrade melanin (Korytowski & Sarna [1990](#pala12445-bib-0019){ref-type="ref"}).

Little is known about the physical taphonomy of melanosomes. Experiments have demonstrated that maturation of melanosomes results in diagenetic shrinkage (McNamara *et al*. [2013](#pala12445-bib-0029){ref-type="ref"}). Paradoxically, despite the inherent recalcitrance of melanosomes, many fossil feathers display extensive regions where melanosomes are preserved as external moulds; the melanosomes themselves are degraded (Li *et al*. [2010](#pala12445-bib-0022){ref-type="ref"}, figs 1c--g, 2a--b, e--f; Zhang *et al*. [2010](#pala12445-bib-0060){ref-type="ref"}, figs 1b--c, 2b--e, 3b, 4b--d; Lindgren *et al*. [2015](#pala12445-bib-0025){ref-type="ref"}, supplementary figs 2a--h, 3a--e). The physical and chemical conditions under which this occurs are unknown, and hypotheses relating to the nature of the diagenetic processes responsible (Vinther [2015](#pala12445-bib-0053){ref-type="ref"}, [2016](#pala12445-bib-0054){ref-type="ref"}) remain untested. The chemistry of the mould‐bearing matrix is particularly controversial. Previous studies have speculated that mouldic melanosomes are embedded in the degraded remains of the originally keratinous matrix (Zhang *et al*. [2010](#pala12445-bib-0060){ref-type="ref"})*,* but this hypothesis is not universally accepted (Saitta *et al*. [2017a](#pala12445-bib-0043){ref-type="ref"}, [2017b](#pala12445-bib-0044){ref-type="ref"}); rather, the matrix surrounding some fossil melanosomes has been interpreted as sediment infill following keratin decay (Saitta *et al*. [2017b](#pala12445-bib-0044){ref-type="ref"}). Moulds in fossil feathers have been interpreted as sites formerly occupied by decay bacteria (Moyer *et al*. [2014](#pala12445-bib-0035){ref-type="ref"}), but the taphonomic mechanism responsible is unknown.

Here, we address these issues by experimentally degrading feathers from extant birds in controlled laboratory experiments. We analysed feather microstructure using SEM and TEM and feather chemistry using alkaline hydrogen peroxide oxidation (AHPO) followed by high‐performance liquid chromatography (HPLC). Our results reveal the taphonomic pathways that favour preservation of melanosomes and keratinous feather components and the conditions under which melanosome degradation can produce moulds in a keratinous matrix.

Material and method {#pala12445-sec-0002}
===================

Justification for experimental design {#pala12445-sec-0003}
-------------------------------------

Decay and maturation were integrated in our experiments as both processes impact preservation (Briggs [2003](#pala12445-bib-0005){ref-type="ref"}). For experiments using temperature only, samples were placed in Al foil packets; samples for experiments combining temperature and pressure were placed within Au capsules. It has been proposed that maturation of tissues in Al foil packets may result in the potential loss of labile and recalcitrant materials (Saitta *et al*. [2019](#pala12445-bib-0045){ref-type="ref"}). While loss of volatiles (gases and water) may occur in this scenario, previous experiments demonstrate that more recalcitrant materials (including melanosomes and the surrounding keratinous matrix) can survive maturation (McNamara *et al*. [2013](#pala12445-bib-0029){ref-type="ref"}). One criticism of maturation in sealed Au capsules is that these may prevent loss of labile materials (Saitta *et al*. [2019](#pala12445-bib-0045){ref-type="ref"}). In natural systems, however, confining sediment may prevent at least localized loss of labile materials from tissues.

The optimum experimental conditions are those that are geologically realistic and that generate the phenomena or processes being investigated. Our goal was to investigate the controls on melanosome degradation in feathers that retain recognizable branching structure after experimentation, as in the fossils of interest. We therefore used similar experimental conditions to those of McNamara *et al*. ([2013](#pala12445-bib-0029){ref-type="ref"}), which are known to retain gross feather structure and melanosomes. Conditions using higher temperature and pressure (such as those used in Saitta *et al*. [2017a](#pala12445-bib-0043){ref-type="ref"}, [2017b](#pala12445-bib-0044){ref-type="ref"}) do not preserve recognizable feather structure.

Simulated taphonomic pathways {#pala12445-sec-0004}
-----------------------------

Taphonomic experiments simulated a suite of pathways (1--16; Table [1](#pala12445-tbl-0001){ref-type="table"}) under oxic conditions using the following variables: decay, pH, oxidation, temperature and pressure (Fig. [1](#pala12445-fig-0001){ref-type="fig"}; Slater *et al*. [2019](#pala12445-bib-0048){ref-type="ref"}, fig. S1). Untreated feathers were used as a control. Pathways 1--7 test individual variables. Pathways 8--11 test various combinations of decay (at pH 6), oxidation and maturation, where oxidation precedes maturation (where used). These collectively comprise taphonomic sequence 1 (Table [1](#pala12445-tbl-0001){ref-type="table"}; Slater *et al*. [2019](#pala12445-bib-0048){ref-type="ref"}, fig. S1). Taphonomic sequence 2 is based on maturation prior to, or simultaneous with, oxidation and incorporates pathways 12-- 16 (Table [1](#pala12445-tbl-0001){ref-type="table"}; Slater *et al*. [2019](#pala12445-bib-0048){ref-type="ref"}, fig. S1).

###### 

Experimental setup showing taphonomic sequences, experimental conditions used and natural scenarios corresponding to experimental pathways

  Pathway      Decay   Oxidation   Maturation   Natural analogue                       
  ------------ ------- ----------- ------------ ------------------------------ --- --- ------------------------------------------------------------------------------------------------------------------
  Control                                                                              --
  1            X                                                                       Decay in slightly acidic sediments/pore waters
  2                    X                                                               Decay in highly alkaline fluids
  3                                                                            X       Thermal maturation
  4                                                                                X   High temperature‐high pressure maturation
  5                                X                                                   Oxidation by pore fluids
  6            X                                                               X       Decay followed by high temperature maturation
  7            X                                                                   X   Decay followed by high temperature‐high pressure maturation
  Sequence 1                                                                           
  8            X                   X                                                   Decay followed by oxidation by pore fluids
  9            X                   X            Before maturation              X       Decay followed by oxidation by pore fluids and then by high temperature maturation
  10                               X            Before maturation              X       Oxidation by pore fluids followed by high temperature maturation
  11                               X            Before maturation                  X   Oxidation by pore fluids followed by high temperature‐high pressure maturation
  Sequence 2                                                                           
  12           X                   X            After maturation               X       Decay followed by high temperature maturation and then by oxidation by pore fluids upon exhumation
  13                               X            After maturation               X       Thermal maturation followed by oxidation by pore fluids upon exhumation
  14           X                   X            After maturation                   X   Decay followed by high temperature‐high pressure maturation and then by oxidation by pore fluids upon exhumation
  15                               X            After maturation                   X   High temperature‐high pressure maturation followed by oxidation by pore fluids upon exhumation
  16                               X            Simultaneous with maturation   X       Oxidation by pore fluids and thermal maturation occur simultaneously
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![Experimental sequences. Schematic showing potential natural scenarios incorporating experimental pathways 8--16. Sequence 1 is based on oxidation prior to maturation (where used); sequence 2 is based on oxidation following maturation. Experiments included some, or all, of decay, maturation and oxidation (with various parameters used for decay and maturation; for details see Table [1](#pala12445-tbl-0001){ref-type="table"} and Slater *et al*. [2019](#pala12445-bib-0048){ref-type="ref"}, fig. S1).](PALA-63-103-g001){#pala12445-fig-0001}

Material {#pala12445-sec-0005}
--------

Black contour feathers from the uropygial region of the zebra finch, *Taeniopygia gutatta* (n = 3) were stored at −80°C prior to treatment via pathways 1--16. Black primary feathers from *Gallus gallus* (common chicken, n = 3) were used for AHPO analysis due to the large sample size required (individual specimens of *T. guttata* yielded insufficient black regions from tail feathers); feather samples from this taxon were treated to pathways 5, 8, 12 and 13. For all experiments, three replicate feather samples (one from each of three specimens) of similar colour (as assessed visually) were used. Replicate *G. gallus* samples for individual pathways were combined for AHPO analyses.

Decay experiments {#pala12445-sec-0006}
-----------------

Feathers were placed in sterile glass vials containing 5 ml distilled deionized water with no added inoculum. Decay experiments in pathways 1, 6--9, 12 and 14 used a starting pH of 6.0. Decay experiments in pathway 2 used a starting pH of 12.2; pH was adjusted via the addition of K~2~CO~3~. Pathway 2 tested in isolation the impact of the elevated pH used in the oxidation experiment. Vials were sealed loosely with aluminium foil, covered by parafilm and placed in a Memmert constant temperature incubator for 1 month at 30 ± 1°C. Decayed feathers were stored in 70% ethanol prior to analysis.

Maturation experiments {#pala12445-sec-0007}
----------------------

Feathers were experimentally matured using one of two approaches: (1) high temperature; and (2) high temperature combined with high pressure. (1) Feathers were placed in Al foil and matured in a standard laboratory convection oven at 200 ± 1°C for 1 h. (2) Feathers were placed in Au tubes and matured in a customized StrataTech water‐pressurized cold‐seal autoclave at 200°C, 135 bar for 1 h.

Oxidation experiments {#pala12445-sec-0008}
---------------------

Degradation of melanosomes in a laboratory context is difficult. Lysosomal digestion (Ohtaki & Seiji [1971](#pala12445-bib-0037){ref-type="ref"}) removes melanosomal proteins but does not alter the melanin molecule; acid hydrolysis decarboxylates melanin (Ito *et al*. [2018](#pala12445-bib-0017){ref-type="ref"}) but does not alter melanosome geometry (Borovanský *et al*. [1977](#pala12445-bib-0004){ref-type="ref"}). The only treatment known to degrade melanosomes in a laboratory context is oxidation in a highly alkaline solution, which ruptures the melanosomal membrane and solubilizes melanin (Smith *et al*. [2017](#pala12445-bib-0049){ref-type="ref"}). Feather samples were oxidized using a modified version of the AHPO protocol described in Ito *et al*. ([2011](#pala12445-bib-0016){ref-type="ref"}). Samples (0.5--1 mg) were placed in an Eppendorf tube to which 100 μl DD water, 375 μl 1 M K~2~CO~3~ and 25 μl 30% H~2~O~2~ were added to produce a final concentration of 1.5% H~2~O~2~ at a pH of 12.2. The tubes were agitated at 175 rpm for 20 h, and the experiment stopped by adding 50 μl 10% Na~2~SO~3~ and 140 μl of 6 M HCl. The tubes were centrifuged for 1 min at 5500 rpm and samples placed in an ultrasonic bath with DD water for 15--30 s to remove precipitates. Experiments for pathway 16 (synchronous oxidation and high temperature maturation) were carried out at 150°C until the solution fully evaporated (30 min) without addition of Na~2~SO~3~ and HCl as in other experiments using oxidation.

AHPO {#pala12445-sec-0009}
----

AHPO is a chemical assay that allows identification and quantification of melanin via diagnostic chemical markers that are derived from the 5,6‐dihydroxyindole (DHI) parent subunits of the melanin molecule. The markers for eumelanin are pyrrole‐2,3,5‐tricarboxylic acid (PTCA), pyrrole‐2,3‐dicarboxylic acid (PDCA) and pyrrole‐2,3,4,5‐tetracarboxylic acid (PTeCA); PTCA is a marker for the 5,6‐dihydroxyindole‐2‐carboxylic acid (DHICA) unit with a carboxyl group attached at the 2‐position of DHI (Ito *et al*. [2011](#pala12445-bib-0016){ref-type="ref"}); PDCA is a marker for the dihydroxyindole unit (DHI); and PTeCA is a marker for thermally altered (cross‐linked) DHI units and is thus used as a marker for eumelanin in fossils (Glass *et al*. [2012](#pala12445-bib-0011){ref-type="ref"}; McNamara *et al*. [2018b](#pala12445-bib-0033){ref-type="ref"}). Feather samples (4 mg) treated as per experimental pathways 5, 8, 12 and 13, and aliquots (100 μl) of the oxidizing solution were analysed via HPLC as follows. Feather tissue (4 mg) from each pathway was homogenized in distilled water with a Ten‐Broeck glass homogenizer at a concentration of 10 mg/ml. Aliquots (100 μl) of this and the oxidizing solution were then subjected to AHPO (Ito *et al*. [2011](#pala12445-bib-0016){ref-type="ref"}).

SEM {#pala12445-sec-0010}
---

Small (2--3 mm^2^) fragments of barbs were dissected using sterile tools, dehydrated and embedded in LR White resin using standard protocols (Pan *et al*. [2016](#pala12445-bib-0038){ref-type="ref"}). Resin blocks were cut using a Leica EM UC7 ultramicrotome with a 45° diamond knife and mounted on Al stubs with carbon tape. Blocks were then sputter coated with Au/Pd and analysed using an FEI Inspect SEM at an accelerating voltage of 10 kV and working distance of 8 mm. Where melanosomes could not be readily observed (e.g. on the surface of the resin block), barbs were fractured and mounted on carbon conductive tape on Al stubs.

TEM {#pala12445-sec-0011}
---

Ultrathin (80 nm) sections were placed on Cu grids. Sections were stained with 3% uranyl acetate (5 min) and 0.3% lead citrate (2 min) using standard protocols (Lewis & Knight [1977](#pala12445-bib-0021){ref-type="ref"}) and examined using a JEOL 2000FXII transmission electron microscope at 80 kV.

Statistical analysis {#pala12445-sec-0012}
--------------------

Quantitative data on the abundance of mouldic melanosomes was collected from transverse sections through barbules as follows. The number of moulds was calculated per unit area for untreated samples and for samples that were treated with oxidation (pathways 8--15). Differences in the number of moulds between samples were assessed using an unpaired *t*‐test.

Results {#pala12445-sec-0013}
=======

Generation of mouldic melanosomes {#pala12445-sec-0014}
---------------------------------

Three‐dimensional micron‐sized moulds are apparent in many of the experimentally treated feathers (Figs [2](#pala12445-fig-0002){ref-type="fig"}E, [3](#pala12445-fig-0003){ref-type="fig"}, [4](#pala12445-fig-0004){ref-type="fig"}C, [5](#pala12445-fig-0005){ref-type="fig"}C). Similar features reported previously in decay experiments were interpreted as moulds of decay bacteria by Moyer *et al*. ([2014](#pala12445-bib-0035){ref-type="ref"}). The moulds generated in our experiments are not of decay bacteria as they: (1) are visible in feathers that were not decayed; (2) occur only internally within the feather cortex; and (3) no bacteria were observed on decayed feather surfaces. Further, the geometry of the moulds produced in our experiments is consistent with that of melanosomes in transverse sections of feathers (Slater *et al*. [2019](#pala12445-bib-0048){ref-type="ref"}, table S1). The structures we observed are thus clearly mouldic melanosomes; this is supported by our chemical data, which confirm the presence of melanin markers in the experimental media (see below).

![SEM images of feather barbules. A, pathway 1. B, pathway 2. C, pathway 3. D, pathway 4. E, pathway 5. F, untreated. G, pathway 6. H, pathway 7. A, C, F--H, transverse fractured surfaces. B, D, E, transverse microtomed surfaces. a, decay at pH 12.2; d, decay at pH 6; o, oxidized; p, matured with pressure; t, matured without pressure; u, untreated; black arrowheads, 3D melanosomes. All scale bars represent 1 μm.](PALA-63-103-g002){#pala12445-fig-0002}

![SEM images of feather barbules. A, pathway 8. B, pathway 9. C, pathway 10. D, pathway 11. E, pathway 12. F, pathway 13. G, pathway 14. H, pathway 15. A--C, E--F, transverse microtomed surfaces. D, G--H, transverse fractured surfaces. d, decay at pH 6; o, oxidized; p, matured with pressure; t, matured without pressure; black arrowheads, 3D melanosomes; white arrowheads, mouldic melanosomes. All scale bars represent 1 μm.](PALA-63-103-g003){#pala12445-fig-0003}

![TEM images of feather barbules. A, untreated. B, pathway 2. C, pathway 8. D, pathway 12. Melanosomes appear black; moulds appear as light‐toned ovoids. a, decay in alkaline conditions (pH 12.2); d, decay at pH 6; o, oxidized; t, matured without pressure; u, untreated. All scale bars represent 500 nm.](PALA-63-103-g004){#pala12445-fig-0004}

![Additional features of experimentally treated feathers. A--B, SEM images of transverse microtomed surfaces in untreated feathers (A) and feathers from pathway 3 (B). C, TEM image of feather barbule from pathway 8 (see Fig. [4](#pala12445-fig-0004){ref-type="fig"}C for additional examples of compressed voids at higher resolution). D, light micrograph of feather barbs following experimental treatment in pathway 16. d, decayed; o, oxidized; t, matured without pressure; u, untreated; black arrowheads, blade marks showing direction of cutting during microtomy; white arrow, compressed moulds; white arrowheads, translucent barbs. All scale bars represent 1 μm except D (1 mm).](PALA-63-103-g005){#pala12445-fig-0005}

SEM images show that the feather barb cortex contains densely packed melanosomes. In all of our experiments moulds are less abundant per unit area than are the melanosomes, suggesting that not all melanosomes were degraded. The relative abundance of moulds, however, varies among experimental treatments; these variations are discussed below.

Pathways 1--7 {#pala12445-sec-0015}
-------------

Moulds are absent in all samples prepared from untreated feathers and pathways 1--4, 6 and 7 (Table [1](#pala12445-tbl-0001){ref-type="table"}; Figs [2](#pala12445-fig-0002){ref-type="fig"}A--D, F--H, [4](#pala12445-fig-0004){ref-type="fig"}A--B, [5](#pala12445-fig-0005){ref-type="fig"}A--B). The presence of moulds in feathers from pathway 5 is thus not an artefact of preparation (Fig. [2](#pala12445-fig-0002){ref-type="fig"}E). It is also consistent with the variation seen in the experimental data (see below). Some distortion of the shape of the moulds is difficult to prevent when sectioning such material for TEM (as opposed to imaging SEM samples; see Fig. [4](#pala12445-fig-0004){ref-type="fig"}C).

Taphonomic sequence 1 {#pala12445-sec-0016}
---------------------

Abundant moulds were generated via pathways 8--11 (0.55, 1.23, 1.53 and 1.03 moulds/μm^2^, respectively; Figs [3](#pala12445-fig-0003){ref-type="fig"}A--D, [4](#pala12445-fig-0004){ref-type="fig"}C, [5](#pala12445-fig-0005){ref-type="fig"}C). In TEM images, feathers from pathway 8 exhibit moulds and few intact melanosomes (Fig. [4](#pala12445-fig-0004){ref-type="fig"}C; feathers from pathways 9--11 were not analysed using TEM). Maturation did not destroy moulds generated during a previous oxidation step (pathways 9, 10 and 11; Fig. [3](#pala12445-fig-0003){ref-type="fig"}B--D).

Taphonomic sequence 2 {#pala12445-sec-0017}
---------------------

Mouldic melanosomes are absent or rare in feathers degraded via pathways 12--15 (0.05, 0.52, 0.31 and 0.01 moulds/μm^2^, respectively; Figs [3](#pala12445-fig-0003){ref-type="fig"}E--H, [4](#pala12445-fig-0004){ref-type="fig"}D). Three‐dimensional melanosomes, however, are abundant (Figs [3](#pala12445-fig-0003){ref-type="fig"}G--H, [4](#pala12445-fig-0004){ref-type="fig"}D). Feathers treated via pathway 16 were degraded to a translucent residue that lacked obvious barbs and barbules (Fig. [5](#pala12445-fig-0005){ref-type="fig"}D); melanosomes and moulds could not be identified.

Abundance of mouldic melanosomes and melanin concentrations {#pala12445-sec-0018}
-----------------------------------------------------------

Fewer moulds were produced in taphonomic sequence 2 (0.22 ± 0.24 moulds/μm^2^) than sequence 1 (1.09 ± 0.41 moulds/μm^2^; these differences are statistically significant (*t*‐test result: *t*(6) = 3.62, p* *=* *0.01). We analysed feather samples and experimental media from pathways 5, 8, 12 and 13 using AHPO. All feathers analysed contain lower concentrations of the eumelanin markers PTCA (244.4 ± 91.8 ng/mg) and PTeCA (106.4 ± 27.6 ng/mg) than the corresponding experimental media (1313.2 ± 420 and 349.9 ± 169 ng/mg, respectively) (Fig. [6](#pala12445-fig-0006){ref-type="fig"}); these differences are statistically significant (*t*(14) = 3.08, p* *=* *0.008). Higher quantities of eumelanin markers are present in the experimental media from treatments lacking maturation (pathways 5 and 8) relative to treatments including a maturation step (pathways 12 and 13). Feathers treated to decay and oxidation only (pathway 8), and their experimental media, contain higher concentrations of eumelanin markers than in any other experimental treatment; further, media from these and other decayed samples (i.e. pathway 12) show higher PTeCA/PTCA ratios than non‐decayed feathers (pathways 5 and 13; Slater *et al*. [2019](#pala12445-bib-0048){ref-type="ref"}, table S3). The significant differences in the abundance of both melanin and melanosomes between feathers treated via sequences 1 and 2 strongly suggest that our data reflect real experimentally‐induced differences and not original variations in melanin content (McGraw *et al*. [2005](#pala12445-bib-0028){ref-type="ref"}) among the individual feathers analysed.

![AHPO analysis of *Gallus gallus* feathers and their experimental media. PTCA and PTeCA are eumelanin markers (PTeCA is a marker for diagenetically altered melanin).](PALA-63-103-g006){#pala12445-fig-0006}

Discussion {#pala12445-sec-0019}
==========

Sample preparation was consistent for each treatment and so relative differences in the abundance of moulds among samples are almost certainly real and not artefacts. Compressed moulds in ultrathin sections from pathway 8 (Fig. [4](#pala12445-fig-0004){ref-type="fig"}C) are an artefact of microtomy and may reflect enhanced susceptibility of the feather to mechanical damage during sectioning due to experimental treatment (Fig. [5](#pala12445-fig-0005){ref-type="fig"}C).

Controls on melanosome preservation {#pala12445-sec-0020}
-----------------------------------

The restriction of moulds to oxidized feathers (Figs [2](#pala12445-fig-0002){ref-type="fig"}, [3](#pala12445-fig-0003){ref-type="fig"}, [4](#pala12445-fig-0004){ref-type="fig"}) strongly suggests that interaction with an oxidant is prerequisite to the formation of mouldic melanosomes in fossils. Decay does not result in the production of mouldic melanosomes, even under alkaline conditions (which are known to enhance melanin solubility; Figs [2](#pala12445-fig-0002){ref-type="fig"}, [4](#pala12445-fig-0004){ref-type="fig"}) (Wakamatsu *et al*. [2012](#pala12445-bib-0057){ref-type="ref"}). The lower concentrations of eumelanin markers in feathers relative to experimental media (Fig. [6](#pala12445-fig-0006){ref-type="fig"}) demonstrate that all treatments analysed using AHPO resulted in loss of melanin from feathers. Nevertheless, the presence of melanin markers in all experimentally‐treated feathers analysed provides robust experimental evidence that fossil feathers with diverse taphonomic histories have the potential to retain melanin and/or its diagnostic alteration products. This supports the hypothesis that the melanin identified in fossil feathers derives from melanosomes and not decay bacteria (*contra* Moyer *et al*. [2014](#pala12445-bib-0035){ref-type="ref"}).

The preservation of abundant moulds following maturation (including maturation at high pressure) in pathways 9--11 confirms that moulds that form early during the diagenetic process can survive subsequent thermal alteration and elevated pressures. Preservation of mouldic melanosomes does not, therefore, imply little or no maturation during burial.

Published images of fossil feathers typically show broad regions where adjacent melanosomes are preserved predominantly either as moulds or as intact microbodies (Li *et al*. [2010](#pala12445-bib-0022){ref-type="ref"}, figs 1c--g, 2a--b, e--f; Zhang *et al*. [2010](#pala12445-bib-0060){ref-type="ref"}, figs 1b--c, 2b--e, 3b, 4b--d; Lindgren *et al*. [2015](#pala12445-bib-0025){ref-type="ref"}, supplementary figs 2a--h, 3a--e). This contrasts with our results from pathways 12--15, which show that oxidation after maturation with pressure results in a heterogeneous distribution (at a micron‐scale) of intact and mouldic melanosomes and overall fewer moulds than where oxidation precedes maturation. Instead, patterns in melanosome preservation in fossils are more consistent with our results from sequence 1 and strongly suggest the presence of a taphonomic switch from a system favouring preservation of melanosomes as 3D bodies to one favouring preservation as moulds that is controlled by the timing of oxidant availability relative to maturation.

To date, mouldic melanosomes have been reported from Konservat‐Lagerstätten that are hosted in sediments interpreted to have been deposited within oxic (Zhou *et al*. [2016](#pala12445-bib-0061){ref-type="ref"}) or dysoxic/anoxic bottom waters (Pedersen [1981](#pala12445-bib-0040){ref-type="ref"}). Various chemical species, however, can act as oxidants. Manganese‐based oxidants are strongest in alkaline (Messaoudi *et al*. [2001](#pala12445-bib-0034){ref-type="ref"}; Dash *et al*. [2009](#pala12445-bib-0009){ref-type="ref"}) and oxic (Antoniou *et al*. [2014](#pala12445-bib-0001){ref-type="ref"}) environments and also at oxic‐anoxic interfaces (Jones *et al*. [2018](#pala12445-bib-0018){ref-type="ref"}). Nitrates are strong oxidants under both acidic and alkaline conditions (Quin *et al*. [2015](#pala12445-bib-0041){ref-type="ref"}), while halogens (e.g. chlorine and fluorine) can maintain a high oxidation potential under various pH conditions when present in high quantities (Steininger & Pareja [1996](#pala12445-bib-0052){ref-type="ref"}). Copper is an oxidant under acidic and alkaline conditions (Celante & Freitas [2010](#pala12445-bib-0008){ref-type="ref"}) and is known to accelerate the oxidation of melanin via Fenton‐like reactions (Korytowski & Sarna [1990](#pala12445-bib-0019){ref-type="ref"}).

The AHPO results provide further insights into the preservation of melanosomal melanin. The higher quantity of PTeCA in the experimental medium from pathway 8 relative to that from pathway 5 suggests that decay enhances melanosome degradation. In addition, the higher PTeCA:PTCA values for pathway 12 relative to pathway 13 indicate that melanosome oxidation may be enhanced when feathers have undergone some decay. Despite this, the lower concentrations of eumelanin markers in treatments including both decay and maturation relative to treatments involving decay but not maturation suggest that maturation is a more important control on melanin preservation than decay (Glass *et al*. [2013](#pala12445-bib-0012){ref-type="ref"}). The preservational mechanism for the remnant melanosomes presumably reflects, at least in part, *in‐situ* polymerization processes which are responsible for the organic preservation of various fossil tissues (McNamara *et al*. [2016b](#pala12445-bib-0031){ref-type="ref"}). Collectively, our experimental results suggest that feathers exposed to (an) oxidizing agent(s) prior to substantial maturation are likely to possess more mouldic melanosomes than feathers that experienced maturation prior to oxidation (Fig. [7](#pala12445-fig-0007){ref-type="fig"}). This does not exclude the possibility that some moulds may form following maturation; further, if feathers experience decay following exposure to strong oxidizing agents, it is possible that moulds may be occluded by collapse of the feather. Our experiments show that the primary controls on melanosome and melanin preservation are (in decreasing order of importance): exposure to an oxidant, the extent of maturation, and decay.

![The impact of various taphonomic conditions on melanosome preservation. Grey ovoid denotes transverse section of feather barbule. Arrows indicate time. Brackets indicate that a particular taphonomic process is not always present. Pathway 16 is not shown as it involved simultaneous exposure to an oxidant and elevated temperatures, and the presence/absence of melanosomes and moulds could not be confirmed in the degraded residue.](PALA-63-103-g007){#pala12445-fig-0007}

Keratin preservation {#pala12445-sec-0021}
--------------------

The survival of feather residues in the fossil record (Zhang *et al*. [2010](#pala12445-bib-0060){ref-type="ref"}; Pan *et al*. [2016](#pala12445-bib-0038){ref-type="ref"}, [2019](#pala12445-bib-0039){ref-type="ref"}) is controversial (Saitta *et al*. [2017a](#pala12445-bib-0043){ref-type="ref"}, [2017b](#pala12445-bib-0044){ref-type="ref"}). Chemical evidence of keratin has been reported from various Mesozoic and Cenozoic fossils (Schweitzer *et al*. [1999a](#pala12445-bib-0046){ref-type="ref"}, [1999b](#pala12445-bib-0047){ref-type="ref"}; Edwards *et al*. [2011](#pala12445-bib-0010){ref-type="ref"}; Pan *et al*. [2016](#pala12445-bib-0038){ref-type="ref"}, [2019](#pala12445-bib-0039){ref-type="ref"}) and organic matrices surrounding fossil feather melanosomes have been interpreted as degraded residues of originally keratinous feather tissue (Li *et al*. [2010](#pala12445-bib-0022){ref-type="ref"}; Zhang *et al*. [2010](#pala12445-bib-0060){ref-type="ref"}; Gren *et al*. [2017](#pala12445-bib-0013){ref-type="ref"}) or diagenetic replacements thereof (Lindgren *et al*. [2015](#pala12445-bib-0025){ref-type="ref"}). These findings have been disputed on the basis of recent taphonomic experiments on feathers ([2017a](#pala12445-bib-0043){ref-type="ref"}, [2017b](#pala12445-bib-0044){ref-type="ref"}, [2019](#pala12445-bib-0045){ref-type="ref"}). Maturation experiments on black feathers in Au cells for 24 h at 100°C, 250 bar resulted in the transformation of the tissue to a black pellet (Saitta *et al*. [2017b](#pala12445-bib-0044){ref-type="ref"}); at 250°C, 250 bar, feather structure transformed to a fluid (Saitta *et al*. [2017a](#pala12445-bib-0043){ref-type="ref"}). Further, Saitta *et al*. ([2019](#pala12445-bib-0045){ref-type="ref"}) reported loss of keratinous tissues in feather barbs experimentally matured in sediment. The pellets and barb imprints were not tested for chemical evidence of keratin or its residues (Saitta *et al*. [2017b](#pala12445-bib-0044){ref-type="ref"} *,* [2019](#pala12445-bib-0045){ref-type="ref"}). Pyrolysis‐GC‐MS analyses of the fluid failed to provide unequivocal evidence for keratin (Saitta *et al*. [2017a](#pala12445-bib-0043){ref-type="ref"}); this, however, is not unexpected as: (1) keratin and melanin produce similar pyrolysates; and (2) it is unlikely that keratinous components would survive the elevated temperatures used in such analyses. The microstructure of fossil feathers has also been the basis of hypotheses relating to the preservation of keratinous residues. Exposure of melanosomes in fossils has been interpreted as evidence that keratin components should rarely be preserved (Saitta *et al*. [2017a](#pala12445-bib-0043){ref-type="ref"}). While examples of fossil feathers preserving only melanosomes certainly exist (e.g. Hu *et al*. [2018](#pala12445-bib-0014){ref-type="ref"}, fig. 5c), our experiments confirm that three‐dimensional melanosomes and keratinous components of feathers can both persist under various taphonomic conditions. Critically, our experiments also identify a suite of taphonomic conditions where keratinous components of feathers can survive, yet melanosomes do not. These results support previous interpretations that organic matrices surrounding fossil melanosomes represent degraded residues of originally keratinous feather tissue (Li *et al*. [2010](#pala12445-bib-0022){ref-type="ref"}; Zhang *et al*. [2010](#pala12445-bib-0060){ref-type="ref"}; McNamara *et al*. [2013](#pala12445-bib-0029){ref-type="ref"}; Pan *et al*. [2016](#pala12445-bib-0038){ref-type="ref"}).

Conclusions {#pala12445-sec-0022}
===========

Our findings suggest that organic residues preserved in some fossil feathers are ideal targets for chemical and immunohistochemical analyses for remnants of keratin. Such residues have been reported in Cretaceous fossils with primitive feather types (Li *et al*. [2010](#pala12445-bib-0022){ref-type="ref"}; Zhang *et al*. [2010](#pala12445-bib-0060){ref-type="ref"}; Lindgren *et al*. [2015](#pala12445-bib-0025){ref-type="ref"}); analysis of these, and older, fossils has the potential to yield important insights into feather chemistry at key stages of feather evolution. Our investigation into the differential preservation of feather components provides a robust framework for future experiments as it allows the impact of different taphonomic factors (and their relative timing) on feather preservation to be assessed. Combination of this rigorous experimental approach with chemical analyses will provide critical empirical data to test fossil‐based models for the survival of keratin and melanin in the fossil record.
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